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A complete phase diagram of oxygen atoms adsorbed on a Pts111d surface with oxygen coverages below
half a monolayer has been computed and compared with the surface phase diagrams of related systems.
Effective interaction parameters of a lattice model for the triangular lattice of the fcc sites of the Pts111d
surface were determined from first-principles computations. Oxygen forms on the platinum(111) surface two
stable ordered phases, which persist up to high temperatures. They are theps232d andps231d phases, having
coverages of 1/4 and 1/2 monolayer, respectively. At the coverage of 2/5 monolayer, another stable phase
consisting ofps231d rows but with every two rows offset by an empty site is predicted by our model, but this
phase is stable only below 250 K. All three phases undergo continuous phase transitions to the disordered state
upon heating. At coverages lower than 1/4 monolayer and at low temperatures, oxygen atoms cluster into
ps232d islands, in agreement with observations from a scanning tunneling microscope study. The formation of
ps232d oxygen islands is a consequence of attractive third-nearest-neighbor interactions, despite the strong
repulsion between the first and second nearest neighbors. Two regions separated by first-order phase bound-
aries are found at coverages between 0.26 monolayer and 0.37 monolayer and coverages between 0.43 mono-
layer and 0.5 monolayer.
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I. INTRODUCTION

Ordering of adsorbates on surfaces is a fairly universal
phenomenon at moderate temperatures.1 Knowledge of the
stability of different ordered structures is important for un-
derstanding reactions, since reaction rates will be different
when the reactants are condensed into different phases.
Therefore, a thorough study of the phase diagrams of adsor-
bates on surfaces is of great importance in describing the
thermodynamics and kinetics of processes on surfaces, in-
cluding adsorption, desorption, diffusion, and chemical reac-
tions.

Oxygen adsorption on metal surfaces, especially on plati-
num surfaces, has been extensively studied in recent years,2–5

because of its key role in various important catalytic reac-
tions, such as the three-way and lean-NOx automobile cata-
lysts, the manufacture of sulfuric acid, and a variety of other
processes involving the oxidation of CO and other chemical
species.6–9 It was found that upon adsoroption of oxygen,
atomic oxygen is the only species present on platinum sur-
faces at all but low temperatures4. The fcc site, which is the
hollow adsorption site without a second-layer metal atom
directly beneath the hollow, is found to be the most stable
adsorption site of an oxygen atom on Pts111d.3,8 It was fur-
ther observed by scanning tunneling microscope(STM) ex-
periments that at submonolayer coverages, small oxygen is-
lands of ps232d symmetry form and merge on a Pts111d
surface, leaving large surface areas of platinum unoccupied.4

It would be interesting to know why islands of O form. This
is a fundamental question for similar, well-organized oxygen
islands on other metal surfaces as well, and a thorough un-
derstanding of the formation mechanism and phase diagram

of these islands can also be very valuable in determining the
mechanisms of important catalytic reactions and processes.
Although many studies of the adsorption of atomic oxygen
on metal surfaces have been performed before, to our knowl-
edge, only a few phase diagrams of oxygen on metal surfaces
have been reported previously. These include O/Nis111d,10,11

O/Rhs100d,12 O/Rus0001d,13–15 O/Ws110d,16,17 and
O/Nis100d.18,19 No study of the phase diagram of O/Pt has
been reported so far. In this paper, we present a phase dia-
gram of the O/Pts111d surface, computed from first-
principles, and compare it with the phase diagrams of other
systems.

The symmetry of ordered structures on surfaces is dic-
tated by the interactions between the adsorbates. Thus, hav-
ing a set of accurate lateral interaction parameters is invalu-
able for understanding the phase transitions on surfaces. In
recent decades, quantitative experimental methods of surface
science such as(STM) (Refs. 20 and 21) and low-energy-
electron diffraction(LEED) (Ref. 11) have been widely used
to evaluate the lateral interactions. On the other hand, first-
principles computations22,23 have also been used in some
systems to evaluate the lateral interactions. Of these meth-
ods, only first-principles computations can allow one to de-
termine unambiguously the magnitude of various lateral in-
teractions, and this approach was therefore used to determine
the various lateral interactions in this study. The lateral inter-
action parameters extrapolated from the first-principles ener-
gies were then used in grand canonical Monte Carlo
(GCMC) simulations in order to calculate the phase diagram.
Details about the steps used to obtain the phase diagram are
described in the next section(Sec. II). Then, in the Sec. III,
the results are presented and discussed.
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II. COMPUTATIONAL METHODS

A. Density functional theory for total energies

First-principles density functional theory(DFT), as imple-
mented in the GNU publicly licensed softwareDACAPO,24

was used to compute the total energies. The configuration set
selected for the DFT computations was based on seven basic
unit cells, as illustrated in Fig. 1. Since the energy of adsorp-
tion of oxygen atoms on the fcc sites on Pts111d is much
larger than that on the hcp sites of Pts111d,3,8 only the fcc
sites for O adsorbed on Pts111d were treated explicitly in
this study. Full coverage, also referred to as one monolayer
s1 MLd, is defined by all the fcc sites on the Pts111d surface
being occupied by oxygen atoms. The largest unit cell cho-
sen in Fig. 1 is as333d structure. In this cell, the largest
O-O separation is equal to three Pt lattice constants and cor-
responds to the fifth-nearest-neighbor distance of like sites.
At these distances, the lateral interactions can be assumed to
be negligible.22 The chemisorption energy of an oxygen atom
at the fcc site on Pts111d on a s232d unit cell with three
layers was found to be 4.43 eV, which is in good agreement
with the results of other theoretical studies.9,25 A four-layer
slab model with only the bottom layer fixed was also used to
check the effects of the finite thickness of the slab model for
the Pts232d-O configuration by comparing the formation
energy of oxygen to that on the three-layer model. The dif-
ference in formation energy between these two slab model
calculations is only 0.3 meV. Note that Bogicevicet al.have
found that the energy change between a four-layer model
(with the top two layers fixed) and a six-layer model(with
the top four layers fixed) is less than 10 meV.3 A three-layer
Pt model has also been applied by Lynch and Hu in their
study of CO and atomic oxygen chemisorption on Pts111d.8
Therefore, three-layer slab models were used for the
Pts111dsurface throughout this study. All the layers were re-
laxed during optimization except for the bottom layer, which
was fixed at the calculated Pt bulk lattice constant 4.00 Å.
[This value is close to the experimental value, 3.92 Å(Refs.
26 and 27)]. A vacuum of,10 Å was used to separate the
slabs. Between these slabs, we included a point dipole in the
Z direction(the direction perpendicular to the slabs) in order
to eliminate the interactions among periodic images. The
gradient-corrected exchange-correlation functional PW91-
GGA (Ref. 28) was used in this study, in addition to ultrasoft
pseudopotentials29,30and plane-wave expansions with energy
cutoffs of 25 Rys340 eVd. The geometry optimization for
Pts333d-O was sampled at 43431 Monkhorst-Packk
points.31 In order to have the same precision, a larger number
of k points corresponding to a larger surface Brillouin zone
were used for smaller systems. In order to determine the
importance of spin polarization in the O/Pts111d system,
spin-polarization calculations were performed on several
configurations. We found that spin polarization usually low-
ers the formation energy by about 1.5 meV, which is well
within the numerical accuracy of the pseudopotential meth-
ods. All total-energy calculations in this study were therefore
nonmagnetic. The accuracy of all the models and parameters
used here have been tested and confirmed in previous studies
in our laboratory.7,32,33

B. Cluster expansion for lateral interaction parameters

Lateral interactions were modeled via cluster expansions,
and the parameters in the cluster expansions were obtained
from a small number of first-principles calculations. The en-
ergy of any configuration could then be computed using a
cluster expansion. A detailed description of the cluster ex-

FIG. 1. Adsorbed oxygen configurations calculated using DFT-
GGA computations. Large open circles represent Pt atoms and
small solid circles represent O atoms. Unit cells are marked in each
configuration.
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pansion methods and the effect of truncating the expansion
can be found in a previous paper.34 Here we will only give a
brief summary of the cluster expansion used in this work.

In order to specify a configuration, a site occupation vari-
able is assigned to each adsorption site on the surface. Any
configuration is then represented by a vector composed of all
the site occupation variables. Different choices of the site
occupation variables are possible and two sets of the site
operators have been used in our study.

Each element in the first set of site occupation variables,
hsij, takes the value +1 if the site is occupied and −1 if a
vacancy is at that site. These site occupation variables are
also called spin variables, due to their correspondence with
the Ising model.35 It has been shown that the dependence of
any property of a configuration can be expanded exactly in
terms of polynomials consisting of products of discrete site
occupation variablessi, wheresi = ±1.36 For computational
convenience, these occupation variables were used in the
Monte Carlo simulations in our studies. A cluster expansion
of the energy, with the assumption that oxygen only adsorbs
on the fcc site on Pts111d, then takes the following form:

Essd = V0 + o
i

Visi + o
i,j

Vi,jsis j + o
i,j ,k

Vi,j ,ksis jsk + ¯ ,

s1d

where all the coefficients(V’s) are called effective cluster
interactions (ECI’s). The interactions up to third nearest
neighbors are illustrated in Fig. 2, in which the oxygen atoms
marked 1 are the first-nearest-neighbor atoms to the oxygen
atom marked 0. Similarly, those marked 2 and 3 are the
second and third nearest neighbors to the oxygen atom 0.
Here vi,j and vi,j ,k are pair and three-body interactions, re-
spectively. Treating interactions up to three bodies and third
nearest neighbors was found in our previous study to be
sufficient to model the system with a high degree of
accuracy.34 With the truncation, the ECI’s were fit to first-
principles energies of different oxygen-vacancy arrange-
ments(Fig. 1) and were then used to calculate the formation
energy of any configuration.

A second set of site operators is also used, as these enable
a more physical interpretation of the results. The occupation
variables of this set,Pi, have the value 0 when sitei is vacant
and the value +1 when the site is occupied. It is also called a
point variable.37 In the case of only one adsorbed species
(oxygen atoms) in the system, we can write the configura-
tional energy of adsorbed oxygen on fcc sites of Pts111d as

EsPd = W0 + o
i

WiPi+o
i,j

Wi,jPiPj + o
i,j ,k

Wi,j ,kPiPjPk + ¯ ,

s2d

where Pi =1 (occupied) and 0 (vacant), and where theW’s
are similar to theV’s of Eq. (1). HereW andV can be related
mathematically by using the relationship betweenPi andsi:

Pi = 1
2s1 + sid. s3d

Details can be found in Inden and Pitsch paper.38 It is worth
pointing out that only theW’s in Eq. (2) can be associated
with the interactions between oxygen atoms on the surface
illustrated in Fig. 2. Within this representation, we set the
interactions between oxygen and vacancies and between va-
cancies and vacancies equal to zero. Thus, interactions rep-
resented byW’s will be used to discuss and explain island
formation on the Pt surface in Sec. III B.

C. Monte Carlo simulations

As mentioned in Sec. II B, lateral interactionsVi,j, Vi,j ,k
between oxygen atoms on the Pts111d surface for the first set
of site operators were used in grand canonical Monte Carlo
simulations to compute the phase diagram of O/Pts111d. The
Monte Carlo simulations were typically performed on a 30
330 two-dimensional lattice with periodic boundary condi-
tions, which has been shown to be sufficient for the
O/Ws110d system.17 A lattice with the size 60360 was used
to check the finite-size effect on our Monte Carlo results. We
found that a 30330 two-dimensional(2D) lattice is suffi-
cient to simulate the surface phase diagram of the O/Pts111d
system in this study. Here 2000 Monte Carlo passes per lat-
tice site were performed for equilibration, followed by 5000
Monte Carlo passes per site for sampling at each temperature
sTd and chemical potentialsmd. The continuous phase transi-
tion boundaries between the ordered phase and disordered
phase were determined by connecting the positions at which
the heat capacity or susceptibility diverged at various chemi-
cal potentials. At first-order phase transitions(in the grand-
canonical ensemble), bulk properties such as the grand-
canonical energy or the coverage(oxygen concentration) are
discontinuous. However, the occurrence of hysteresis in nu-
merical simulations at first-order phase transitions makes a
precise determination of their location difficult. A reliable
way of determining first-order phase boundaries is with the
common tangent construction applied to constant tempera-
ture Gibbs free energy curves of the two phases participating
in the transition.(This is equivalent to determining the loca-
tion at which the grand-canonical free energies of the two
phases competing for stability cross.) In a composition ver-
sus temperature phase diagram, first-order phase transitions

FIG. 2. Lateral interactions between and among oxygen atoms
adsorbed on Pt(111). Small circles represent oxygen atoms and
large circles represent platinum atoms.
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at constant temperature appear as two phase coexistence re-
gions. For any composition inside the two phase region, the
thermodynamically stable state consists of two coexisting
phases. We obtained Gibbs free energy curves at constant
temperature by integrating the chemical potential versus
composition from suitable reference states.23,39

At very low temperatures, the flipping probability be-
comes very small, and virtually nothing happens for a long
time. Therefore, an event-driven algorithm(the N-fold way
Ref. 40) was used for the Monte Carlo simulations at tem-
peratures below 300 K. TheN-fold way algorithm is similar
to the kinetic Monte Carlo algorithm but without physically
relevant rate constants: a list of all the events with their prob-
abilities is built and updated during each step of the simula-
tion, and a flip, determined by a random number, occurs at
each step. At low temperatures, the net gain in performance
of the N-fold way algorithm is dramatic, although each flip
takes a considerable amount of CPU time.

III. RESULTS AND DISCUSSIONS

A. Formation energies of oxygen adsorbed on Pt„111…

For purposes of understanding phase stability, it is often
convenient to consider formation energies instead of adsorp-
tion energies. The formation energy of a particular configu-
ration at a given coveragesud of oxygen on Pts111d is de-
fined as

D fE = EO-Pt − s1 − udEPt − uEps131d-O, s4d

whereEO-Pt is the total energy for a configuration of oxygen
atoms adsorbed on Pts111d with the coverageu, EPt is the
total energy for a clean Pts111d surface, andEp(131)-O is the
total energy of oxygen adsorbed on Pts111d at full coverage.
The formation energy clearly illustrates the stability of the
ordered oxygen configurations relative to a mixture of a

clean surface and a surface with full coverage of oxygen at
the same overall composition.

Formation energies were determined by inserting DFT to-
tal energies of 15 configurations(refer to Table I and Fig. 1)
of oxygen adsorbed on Pts111d (with oxygen coverages
ranging from 0 to 1) into Eq. (4). As plotted in Fig. 3, the
formation energies of all the configurations are negative. In
order to analyze phase stability at 0 K, we constructed the
convex hull of the formation energies, as illustrated by the
solid lines in Fig. 3. In general, phase stability is determined
by the state with the lowest free energy. In a binary system,
the common tangent construction determines phase stability
when two phases can simultaneously coexist. At 0 K, the
free energy equals the energy and hence the convex hull can
be viewed as a set of common tangents connecting the ener-
gies of the most stable phases. At any composition between
two stable phases connected by a line of the convex hull, the
thermodynamically most stable state consists of a phase
separation of those two phases. Typically the phases on the
convex hull remain stable as the temperature is increased,
though phases that are marginally stable tend to disorder at

TABLE I. Formation energies(in meV) for O on Pt(111) for various coverages(all of the configurations
can be found in Fig. 1).

Label Configuration Coverage of O(ML ) Formation energy(meV)

a Clean Pt(111) surface 0 0.000

b s333d-O 1/9 −107.670

c s333d-2Oa 2/9 −189.641

d s333d-2Ob 2/9 −202.428

e s232d-O 1/4 −245.525

f sÎ332d-O 1/4 −229.897

g s331d-O 1/3 −233.265

h sÎ33Î3d-O 1/3 −283.512

i s231d-O 1/2 −340.318

j sÎ332d-2O 1/2 −326.729

k s331d-2O 2/3 −266.384

l sÎ33Î3d-2O 2/3 −318.790

m s232d-3O 3/4 −261.702

n sÎ332d-3O 3/4 −260.625

o s131d-O 1 0.000

FIG. 3. Formation energies of adsorbed oxygen atoms on Pt
(111) (the square point was not included in the fitting of the lateral
interaction parameters, but was used as a test for our cluster expan-
sion). Labels(a)–(o) correspond to those in Table I.
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low temperatures and may not appear at reasonable tempera-
tures in a temperature composition phase diagram. We find
that of the orginal 12 configurations considered, 5 appear on
the convex hull. These stable phases areps232d-O, with a
coverage of 1/4 ML,psÎ33Î3d-O, with a coverage of
1/3 ML, ps231d-O, with a coverage of 1/2 ML,psÎ3
3Î3d-2O, with a coverage of 2/3 ML, andps232d-3O,
with a coverage of 3/4 ML. While the configurationps3
33d-O has a formation energy close to the convex hull, it
does not lie on the convex hull and, hence, cannot be ex-
pected to be present in a temperature composition phase dia-
gram. At the end of this section, we will show thatps2
32d-O andps231d-O remain stable up to reasonably high
temperatures.

B. Lateral interaction parameters

The fitted interaction parameters for both sets of site op-
erators described in Sec. II B are listed in Table II(spin
variable set) and Table III(point variable set). As mentioned
in the previous cluster expansion part, the spin variable set is
convenient for computational purposes, while the point vari-
able set offers a more physical interpretation of the interac-
tions. By using the mathematical relationship between the
two sets of site operators, Eq.(3), the lateral interactionsWi,j
for cluster expansion with the point variable set can be writ-
ten as linear combinations of theVi,j corresponding to the
spin variable set. The interaction parametersVi,j and Wi,j
have been shown to be consistent with each other in a pre-
vious study.34

As shown in Table III, the repulsion between the nearest
neighbor oxygen atoms on Pts111d is about 0.24 eV. Lynch
and Hu used the DFT and generalized gradient approxima-
tion (GGA) computation and found that the energy differ-
ence between oxygen adsorption at fcc and hcp sites on

Pt s111d is 0.47 eV.8 Therefore, in the O/Pts111d system, the
binding energy difference of an oxygen atom between fcc
and hcp sites is much higher than the nearest-neighbor repul-
sive interactions between adsorbed oxygen atoms on the
Pt s111d surface. This result is consistent with our assump-
tion that the occupation of hcp sites is not very important in
determining the phase diagram of O/Pts111d. It is also dif-
ferent from the O/Rus0001d system, in which the hcp site is
preferred over the fcc site by 0.072 eV at the DFT-GGA
level of theory, much less than the first-nearest-neighbor re-
pulsion between oxygen atoms on hcp sitess0.27 eVd.22

We emphasized in Sec. II B that a straightforward physi-
cal interpretation can not be assigned to the interaction pa-
rametersVi,j of Eq. (1), but Wi,j, the coefficients of Eq.(2),
can be physically interpreted. They are effective interactions
among atoms on a Pts111d surface. In Table III, the lateral
interaction parametersWi,j indicate that there exists a strong
repulsion between nearest-neighbor oxygen atoms
s0.237 eVd, relatively strong repulsions between next
nearest-neighbor oxygen atomss0.040 eVd, and a weak at-
traction between third nearest neighborss−0.006 eVd. No
known experimental energies of interactions for O/Pts111d
are available for comparison with our results here, but we
can compare our results with those for O/Rus0001d, both of
which have triangular lattices in which adsorption occurs at
well-defined sites [fcc for O/Pts111d and hcp for
O/Rus0001d]. The interactions determined by Piercyet al.
for their best fit to the experimental O/Ru(0001) phase dia-
gram 14 are given in brackets in Table III. The interactions
derived by Stampflet al. for O/Rus0001d from first-
principles calculations22 are given in parenthesis in Table III.
It is found that the pairwise interactions that we obtained for
O/Pts111d are similar to both the experimental and theoret-
ical interactions for O/Rus0001d.

TABLE II. Fitted ECI’s by using a cluster expansion with the first set of site operators for O/Pt(111).
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The repulsions between the nearest- and next-nearest-
neighbor oxygen atoms on Pts111d can be explained by
bond-competition concepts, which have been applied to
other systems previously.8,9,41,42The effects of the adsorbed
oxygen atoms on the projected density of states(pDOS) of
their neighbor Pt atoms are illustrated in Fig. 4. The order of
effects induced by the adsorbed oxygen atom to its neighbor
Pt atoms is the following: nearest Pt neighbors@ next near-
est Pt neighbors. third nearest Pt neighbors. According to
the bond-competition concept, if coadsorbed atoms have to
compete with each other for bonding with the surface metal
atoms, it would be expected that the most stable adsorption
configuration involves the minimum possible amount of
competition. Since the adsorbed oxygen atoms have a strong
and reasonably strong effect on their first- and second-

nearest-neighbor Pt atoms, respectively, any coadsorbed oxy-
gen atoms which compete for bonding with the same Pt at-
oms should suffer an energetic penalty to adsorb, due to the
repulsions to the already adsorbed oxygen atoms. On the
other hand, Table III clearly shows an attraction between
third nearest neighbors. We explain this using an argument
similar to that of Feibelman, who studied O adsorbed on
Pt s111d.43 He showed that when an oxygen atom(oxygena
in Fig. 5) is adsorbed on an fcc site on Pts111d, the d elec-
trons of its Pt nearest neighbors(Pt 1a, 1b, and 2a in Fig. 5)
are “frustrated” by two incompatible demands. The first is to
get as far away from the negatively charged O atom as pos-
sible. The other one is to avoid weakening Pt-Pt bonds by
filling antibonding d states. These two demands together
strengthen the bond between Pt atoms 1a and 2c and the
bond between Pt atoms 1b and 2b (refer to Fig. 5). There-
fore, the overall adsorption of the oxygen atom is strength-
ened. Similarly, in Fig. 5, the bond between Pt atoms 1c and
2c and the bond between Pt atoms 1d and 2b are both

TABLE III. Fitted ECI’s by using a cluster expansion with the second set of site operators for O/Pts111d.
In brackets, we list the interaction parameters fitted by Piercyet al. from the experimental O/Rus0001d phase
diagram(Ref. 14). In parentheses, we list the interaction parameters derived by Stampflet al. from DFT
computations for O/Rus0001d (Ref. 22).

FIG. 4. Comparison among the changes of projected density of
states(pDOS) of Pt atoms at different distances from an adsorbed
oxygen atom.(The differences are with respect to Pt atoms of the
same symmetry at clean surfaces.) FIG. 5. Side view of configurationps232d-O.
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strengthened. It turns out that these strengthening of bonds is
optimized forps232d.

C. Phase diagram of O/Pt„111…

The calculated equilibrium phase diagram of O/Pts111d
with oxygen coverages of up to half a monolayer is pre-
sented in Fig. 6, where the solid lines are continuous phase
transition boundaries and the dashed lines signify the bound-
aries of two-phase coexistence regions(first-order phase
transitions). It can be seen that chemisorption of oxygen at-
oms on Pts111d leads to two ordered phases at temperatures
between about 200 K and 700 K. They are theps232d
phase, with an oxygen coverage of 1/4 ML, and theps2
31d phase, with an oxygen coverage of 1/2 ML. The corre-
sponding configurations are shown in the insets in Fig. 6.
The presence of the two phases is similar to results in the
literature for O/Rus0001d.14,22 Also, similar to the experi-
mental and theoretical results of O/Rus0001d,14 the bound-
aries of both theps232d and theps231d phases in our
O/Pts111d phase diagram denote continuous phase transi-
tions. The order-disorder transition temperatures for the sto-
ichiometric ps232d phase andps231d phase are predicted
to be 670 K and 480 K, respectively. We note that automo-
tive catalysts typically run at temperatures greater than
950 K,44 and we would expect no ordered phases in this
region. Kaburagi and Kanamori have studied the ordered
ground states of the triangular lattice and found thatps2
32d-O can be stabilized ifV01.5V02.0 which is exactly
the case in our system(refer to Table II).45,46

At finite temperature, defects and antiphase boundaries
can occur, and due to the symmetry ofps231d, domains
having rows with different directions, which are rotated by
120° with respect to each other, can coexist(see the zigzag
structure in Fig. 7). Similar behavior has also been observed
in the STM study of other systems, such as the O/Rus0001d
system by Meinelet al. 2 and the Aus111d system by Barth
et al.,47 but these were thought to be caused by a long-range
elastic lattice strain.48 We attribute our zigzag structure to
sluggish “kinetics” in Monte Carlo simulations.

Our phase diagram for O/Pts111d is quite different from
the O/Nis111d phase diagram measured by Kortan and
Park.10 Although both systems showps232d phases at a
coverage of around 1/4 ML, unlike the O/Nis111d phase
diagram, our O/Pts111d phase diagram contains no stable
phase with a coverage of 1/3 ML — e.g., apsÎ33Î3d-O
phase at intermediate to high temperatures. Note that the
psÎ33Î3d-O ordered phase is marginally stable at 0 K(i.e.,
it is on the convex hull), and therefore it should be observed
at sufficiently low temperatures. At a low temperature and
when the coverage equals 2/5 ML, a small phase with a
continuous transition boundary appears in our phase dia-
gram. The order-disorder transition temperature of this phase
is about 250 K. In this phase, every twops231d oxygen
rows are offset by an empty site(see the inset between those
for ps232d andps231d phases in Fig. 6). In other words, it
is characterized by a unit cell which is a combination of
psÎ33Î3d and ps231d. Since it is hard to name it in a
conventional way, we denote this phase regionX in Fig. 6.
Note that we found that the cluster expansion used to calcu-

FIG. 6. Phase diagram of O/Pts111d: the solid lines denote continuous phase transitions and the dotted lines denote first-order phase
transitions.
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late the phase diagram predicts theX phase to be on the
convex hull. Furthermore, clear thermodynamic discontinui-
ties were observed in the Monte Carlo simulations when
crossing from theX phase to the disordered phase or to the
ps232d or ps231d phases. Hence theX phase is a distinct
stable phase. PhaseX is an unexpected phase from our origi-
nal formation energy curve, since we did not include any
DFT energy for a configuration at an oxygen coverage equal-
ing to 2/5 ML in the fit of the cluster expansion. To prove
that phaseX is a stable phase on the 2D lattice, we performed
a DFT computation with the same unit cell as marked in the
inset configuration corresponding to the phaseX in Fig. 6.
The formation energy of the new configuration, marked as a
square in Fig. 3, does appear on the convex hull. This not
only proves that the new configuration is a stable phase, but
also shows that our cluster expansion is robust enough to
predict the energies for configurations that were not included
in the fit of the interaction parameters. Experimental effort
around an oxygen coverage of 0.4 ML is suggested in order
to confirm the DFT prediction of the stability of phaseX.

In our O/Pts111d phase diagram, there are three regions
separated by first-order phase boundaries, which means that
those regions are two-phase coexistent regions. The first one
appears at low temperatures and low coverages, where a
first-order phase transition occurs from theps232d phase to
the disordered lattice gas phase. The coexistent region is
therefore characterized by a state withps232d islands. A
typical ps232d oxygen island configuration obtained from
Monte Carlo simulations at 100 K with a coverage of
0.09 ML is illustrated in Fig. 8. At 100 K, when the oxygen
atoms adsorb with a coverage of 0.09 ML,ps232d oxygen
islands with different sizes are predicted to form on the
Pt s111d surfaces. This is in good agreement with the STM
study of Stipeet al., in which it was found that regions of
ps232d symmetry began to appear when the Pts111d sur-
face was dosed at 82 K and then warmed to 156 K(see Fig.
9).4 In Fig. 9, the island with the markps232d includes
about 15 oxygen atoms, a size which is similar to those in
our simulations. A tricritical point, corresponding to the in-

tersection of boundaries of aps232d phase region, a disor-
dered phase, and a mixed phase region ofps232d islands
surrounded by the disordered phase, was found at the cover-
age of 0.18 ML, when the temperature is about 270 K. This
is similar to the tricritical point(T=300 K, u=0.21 ML) in
the experimental phase diagram of O/Nis111d.10 We attribute
the further stabilization ofps232d oxygen islands to the
attractions between the third nearest neighbors(refer to Table
III ). Piercyet al.compared the phase diagrams calculated via
Monte Carlo simulations with and without attractive third-
nearest-neighbor interactions. They found thatps232d is-
lands grow at a coverage below 1/4 ML at low temperatures
when an attractive third-nearest-neighbor pair interaction is
included. However,ps232d islands do not form when the
phase diagram was simulated without a third-nearest-
neighbor attractive pair interaction.14 We found that as we
increase the oxygen chemical potential, theps232d phase
transforms to thes231d phase at low temperatures by first
passing through a coexistent region ofps232d and X at
coverages between 0.26 ML and 0.37 ML, followed by a

FIG. 7. A sample configuration of the ordered
oxygen phase having the symmetryps231d on
Pt (111) with ps231d rows rotated by 120° with
respect to each other.

FIG. 8. Regions characterized asps232d oxygen islands in a
snapshot of a GCMC calculation(T=100 K, m=−979, and u
=0.09 ML).
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single phase regionX around 2/5 ML, and then another two-
phase region ofX and ps231d at coverages higher than
0.43 ML.

IV. CONCLUSIONS

The surface phase diagram of the O/Pts111d system has
been computed from first-principles. This was accomplished
by performing grand canonical Monte Carlo simulations on a

2D lattice and incorporating up to next-next-nearest-
neighbor interactions that were determined from density
functional theory computations. Our results indicate that
oxygen atoms adsorbed on Pts111d form well-orderedps2
32d (at 1/4 ML) andps231d (at 1/2 ML) phases with con-
tinuous phase boundaries. The order-disorder phase transi-
tion temperatures of these two phases are 670 K and 480 K,
respectively. Oxygen atoms are shown to cluster intops2
32d islands at coverages lower than 1/4 ML at low tem-
peratures, which is in agreement with the STM experiments
of Stipeet al.The stabilization of oxygenps232d islands on
Pt s111d is a consequence of the attractive third-nearest-
neighbor interactions between the adsorbed oxygen atoms.
Other two-phase-coexistant regions are found to exist be-
tween coverages of 0.26 ML and 0.37 ML and between cov-
erages of 0.43 ML and 0.5 ML. At temperatures lower than
250 K, a new stable phase at the coverage of 2/5 ML con-
sisting of two ps231d rows offset by an empty site was
found. This phase has a continuous phase transition bound-
ary, and we designate it phaseX.
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